Paper
The Actions of Neuromuscular Blocking Agents on Extraocular Muscle and Intraocular Pressure by Professor R L Katz MD and Professor K E Eakins PhD (Royal Postgraduate Medical School, London, and Columbia University, New York) Our interest in the effects of drugs on extraocular muscle and intraocular pressure began in 1957 following reports of vitreous expulsion in patients who received succinylcholine (SCh) during ocular surgery (Dillon et al. 1957a , Lincoff et al. 1957 . The loss of vitreous was attributed to an increase in intraocular pressure produced by SCh. Upon reviewing the literature we found that in 1953 Hofmann & Holzer reported that SCh increased intraocular pressure in unanmsthetized man by as much as 18 mihHg. They noted that the eyes became divergent and fixed when intraocular pressure rose. This observation, plus the demonstration that SCh contracted extraocular muscle (Hofmann & Lembeck 1952) suggested that the intraocular pressure rise might be associated with or produced by a SCh-induced contraction of the extraocular muscles. This concept was supported by Lincoff et al. (1955) who found that, in the cat, SCh contracted the extraocular muscles and increased intraocular pressure. Furthermore, after cutting the six extraocular muscles (superior, inferior, lateral and medial recti, superior and inferior obliques), SCh had little or no effect on intraocular pressure. They also observed in thiopental-anmsthetized patients that the average increase in intraocular pressure produced by 0 3 mg/kg of SCh was 7 9 mmHg, while the maximum increase was 38 mmHg. Dillon et al. (1957b) confirmed that SCh increased both extraocular muscle tension and intraocular pressure. They also found (Dillon et al. 1957a ) that in vitro SCh contracted extraocular muscle, an action blocked by d-tubocurarine (dTC). Macri & Grimes (1957) also found that SCh increased extraocular muscle tension and intraocular pressure in the cat. These effects of SCh were decreased or prevented by the prior injection of dTC or the sectioning of the six extraocular muscles. These workers concluded that the intraocular pressure increase following SCh was due to the contraction of the extraocular muscles, summarizing the evidence as follows: (1) The parallel course of increase in extraocular muscle tension and intraocular pressure produced by SCh.
(2) The abolition of the SCh-induced increase in intraocular pressure when the increase in extraocular muscle tension was prevented by dTC.
(3) Prevention of the SCh-induced increase in intraocular pressure by sectioning of the extraocular muscles.
Although the studies discussed above seemed to explain clearly the mechanism by which SCh increased intraocular pressure, subsequent studies questioned these results and conclusions. Wynands & Crowell (1960) reported that SCh produced only a small increase in intraocular pressure in man. Lewallen & Hicks (1963) did not observe any increase in intraocular pressure produced by SCh. They also failed to observe any manifestations of extraocular muscle contraction, such as enophthalmos or rotation of the eyes. Craythorne et al. (1960) did observe an increase in intraocular pressure in patients given SCh but questioned whether the increase in intraocular pressure could be fully explained by extraocular muscle contraction. Finally, Wretlind & Wahlin (1959) stated that in the cat dTC did not prevent SCh from increasing intraocular pressure. They concluded that the extraocular muscles could be excluded as a cause of increased intraocular pressure produced by SCh. As a result of the conflicting opinions, we were faced with many questions when we began our studies in the early 1960s. Did SCh increase intraocular pressure? Did it do so by increasing extraocular muscle tension? Was this the sole mechanism? Why did SCh contract rather than relax extraocular muscle? Did dTC modify the action of SCh on extraocular muscle and intraocular pressure? Did the failure of SCh to increase intraocular pressure in animals in whom the extraocular muscles were cut (a negative result) prove that the intraocular pressure increase was due to contraction of the extraocular muscles?
We first studied the effects of SCh on the various extraocular muscles. The head of the anmsthetized cat was immobilized in a stereotaxic instrument. The tendon of the extraocular muscle was separated from the globe, attached via a thread to a force displacement transducer and the muscle responses recorded on a polygraph. The responses were similar regardless of the extraocular muscle studied. For convenience, we chose the superior rectus muscle for most of our subsequent studies. SCh produced a dose-dependent increase in superior rectus tension with a maximum increase of 20 g. A similar result was seen with decamethonium and carbolonium (Imbretil), both of which are depolarizing agents. However, the non-depolarizing agents, dTC, dimethyl tubocurarine and gallamine, did not increase muscle tension (with one minor exception which need not concern us here). The non-depolarizers blocked the action of depolarizing agents (e.g. dTC prevented SCh from increasing superior rectus tension). Catecholamines were also found to increase extraocular muscle tension and to interact with SCh (Eakins & Katz 1966 , 1967 .
To study the effects on the muscle response evoked by nerve stimulation a craniotomy was performed. The cerebral hemisphere was lifted gently to expose the III cranial nerve which was then stimulated supramaximally every 3-10 seconds. SCh had opposite effects on the evoked muscle response (twitch) and the baseline tension (Fig 1) . Note the dose-dependent increase in muscle tension and that a clear-cut increase was seen after 4 ,ug/kg. However the twitch response was not depressed until 64 pg/kg was injected. We thus have opposite effects on baseline tension (which increased) and twitch response (which decreased) as well as a difference in sensitivity (baseline tension affected by a smaller dose than the twitch response). How can we explain these results? When these studies were in the early stages we postulated two neuromuscular systems, the well-known twitch system and another unknown one. This unknown system resembled the neuromuscular system described in the frog, but such a system had not yet been described in the cat. However, to our relief, Hess & Pilar (1963) described such a system in cat extraocular muscle. It is now known that the extraocular muscles of the rabbit, cat and man contain two separate neuromuscular systems, a twitch system and a tonic system.
The twitch system is characterized by muscle fibres with small, regular, well-defined fibrils (Fibrillenstruktur). The nerve endings to these fibres have single large plaque-like (en plaque) nerve endings derived from large diameter efferent fibres. Stimulating these nerves produces twitches accompanied by fast propagated muscle potentials. This system is similar to the usual neuromuscular system found in mammals.
The tonic system is characterized by muscle fibres with large, irregular, poorly-defined fibrils (Felderstruktur). The nerve endings to these fibres have multiple small grape-like (en grappe) endings, which are derived from small diameter The responses to SCh can be exp terms of the twitch and tonic neurc systems. The increase in baseline tensior activation of the tonic system by SCh, decrease in twitch is due to depressic twitch system by SCh. Decamethon carbolonium produce similar effects, i baseline tension by activating the tonic s: decreasing twitch height by depressing t system. Non-depolarizing agents del twitch system. In this respect they are SCh. However, the non-depolarizers d SCh in that they depress rather than the tonic system. In summary, depolarizi stimulate the tonic system and depress t system, while non-depolarizing agent: both systems.
Contrary to textbook statements abo treme sensitivity of extraocular muscles relaxants we found that the converse' often truethe extraocular muscles sensitive to relaxants than other mus example, in Fig 2 it can be seen that tl twitch was depressed by 16 pg/kg of S 128 pg/kg was required to depress the rectus twitch. (For further details and c see Katz & Eakins 1966a, b, and K; Having gained some understandinj extraocular muscles, we began to stu ocular pressure (measured by cannulati of control right eye (OD). Note higher pressulre in operated eye. Also note that succinylcholine (SCh) increased intraocular pressure in both eyes, although to a lesser degree in the operated eye znd c, note anterior chamber). We noted that SCh produced a ') tension, parallel increase in intraocular pressure and extraintraocular ocular muscle tension, but we also found that intraocular SCh increased nictitating membrane tension (Fig   e response 3A, B, c) . The nictitating membrane is a portion of orbital smooth muscle which partially surrounds the eye. On most occasions the responses of {es results extraocular muscle, orbital smooth muscle and ;anic rates intraocular pressure were qualitatively similar. stimuli do However, sometimes the intraocular pressure his system response correlated better with the orbital smooth .nd avian muscle response (Fig 3D) while on other occasions nuscles.
intraocular pressure correlated better with the olained in extraocular muscle response. )muscular
We next observed that dTC prevented SCh is due to from increasing orbital smooth muscle tension, while the extraocular muscle tension and intraocular pres-Dn of the sure. Let us now reconsider the evidence for the iium and SCh-induced increase in intraocular pressure increasing being due solely to contraction of extraocular ystem and muscle. First was the parallel course of increase in the twitch extraocular muscle tension and intraocular press the pressure produced by SCh; this is no longer similar to strong evidence since the orbital smooth muscle iffer from response parallels the intraocular pressure stimulate response equally well. The second piece of eviing agents dence was that dTC, known to act on skeletal the twitch muscle, blocked the SCh-induced intraocular s depress pressure rise. However, this argument is weakened by the fact that dTC also blocked the orbital out the ex-smooth muscle tension increase produced by SCh. to muscle
The third and final piece of evidence was that was more cutting the extraocular muscles prevented SCh were less from increasing intraocular pressure. This result dc1es. For can be interpreted in more than one way. It is he tibialis possible that in cutting the extraocular muscles, Ch while the eye may be damaged and thus fail to respond. superior We found that with experience we were able to cut liscussion all six extraocular muscles and still demonstrate atz et al. an increase in intraocular pressure following the injection of SCh (Fig 4) . The response was only g of the 50-80 % of that observed with the muscles intact. idy intra-We were also able to demonstrate that intraocular ion of the pressure rose in association with an increase in orbital smooth muscle tension (but in the absence of an increase in extraocular muscle tension). From this and other evidence we concluded that SCh increases intraocular pressure in part by contracting extraocular muscle and in part by contracting orbital smooth muscle. If the dose of SCh is large enough to increase arterial pressure, this also contributes to the intraocular pressure increase. The actions of SCh on extraocular muscle, orbital smooth muscle and intraocular pressure can be prevented by dTC, gallamine or hexafluorenium , Miller etaL. 1968 ).
Requests for reprints should be addressed to Professor Katz at: Department of Anesthesiology, 622 W168 Street, Box 438, New York, NY 10032, USA.
DISCUSSION
Dr A R Hunter (Manchester) said that Dr Katz had shown that succinylcholine caused contraction of the nictitating membrane of the cat, and asked if this contraction indicated that the sympathetic nerve endings in this structurelike those in the sweat glands, but unlike the rest of the sympatheticwere cholinergic; or alternatively if suxamethonium (like nicotinic acetylcholine) produced stimulation of the superior cervical ganglion and brought about the contraction of the nictitating membrane in this way.
Professor Katz replied that they were currently testing both the possibilities raised by Dr Hunter, i.e. whether there was stimulation of the superior cervical ganglion by succinylcholine or a direct action of succinylcholine on the nictitating membrane. He said that the former seemed more promising at that time.
Dr E Goldsmith (London) commented that acetazolamide (Diamox) was believed to reduce intraocular tension by decreasing aqueous flow and by inhibition of the carbonic anhydrase activity on the ciliary body and iris. For this reason some anesthetists administered acetazolamide immediately prior to succinylcholine. How could the physiological interaction between these two drugs be explained? Professor Katz said that acetazolamide had been reported as preventing succinylcholine from increasing intraocular pressure. However, there was certainly no general agreement on this point. It would be difficult to explain an acute interaction between acetazolamide and succinylcholine because the former drug was known to require considerable time to decrease aqueous flow.
Dr H C Churchill-Davidson (London) said that Professor Katz had mentioned that succinylcholine produced a contraction of the intraorbital smooth muscle even when the extraocular muscles had been cut, and, furthermore, that hexafluorenium (usually thought of as an anticholinesterase drug) blocked this response whilst it potentiated the action of succinylcholine at the neuromuscular junction. He asked if Professor Katz would care to comment on the possible mechanism of this action of hexafluorenium on the smooth muscle of the eye and also if he had ever studied the effect of the ganglion-blocking drugs on this response. Professor Katz said that although hexafluorenium was usually thought of as an inhibitor of plasma cholinesterase it had many actions, which had previously been pointed out (Katz et al. 1965 ). They were not certain which action of hexafluorenium accounted for its effect on orbital smooth muscle but they suspected it was a direct action on the muscle. They had studied the effects of ganglionic blockers on extraocular muscle and orbital smooth muscle. Hexamethonium, after a transient blocking action, increased the action of subsequently injected succinylcholine on extraocular muscle (Eakins & Katz 1966) . However, hexamethonium decreased the action of succinylcholine on the nictitating membrane ).
